We present a new method for tracing the evolution of BCGs from z ∼ 2 to z ∼ 0. We conclude on the basis of semi-analytical models that the best method to select BCG progenitors at z ∼ 2 is a hybrid environmental density and stellar mass ranking approach. Ultimately we are able to retrieve 45% of BCG progenitors. We apply this method on the CANDELS UDS data to construct a progenitor sample at high redshift. We furthermore populate the comparisons in local universe by using SDSS data with statistically likely contamination to ensure a fair comparison between high and low redshifts. Using these samples we demonstrate that the BCG sizes have grown by a factor of ∼ 3.2 since z ∼ 2, and BCG progenitors are mainly late-type galaxies, exhibiting less concentrated profiles than their early-type local counterparts. We find that BCG progenitors have more disturbed morphologies. In contrast, local BCGs have much smoother profiles. Moreover, we find that the stellar masses of BCGs have grown by a factor of ∼ 2.5 since z ∼ 2, and the SFR of BCG progenitors has a median value of 13.5 M ⊙ yr −1 , much higher than their quiescent local descendants. We demonstrate that over z = 1 − 2 star formation and merging contribute equally to BCG mass growth. However, merging plays a dominant role in BCG assembly at z 1. We also find that BCG progenitors at high-z are not significantly different from other galaxies of similar mass at the same epoch. This suggests that the processes which differentiate BCGs from normal massive elliptical galaxies must occur at z 2.
INTRODUCTION
Brightest cluster galaxies (BCGs) are the most luminous and massive galaxies in local universe. They reside at the bottom of the gravitational potential well of galaxy clusters, and are surrounded by a population of satellite galaxies. The special regions they reside in, and the unique properties they exhibit (e.g., distinct structures and morphologies, very high stellar masses) set them apart from the general galaxy population. Their origin and evolution also tightly link with the evolution of their host clusters and provide direct informa-⋆ E-mail: : ppxdz1@nottingham.ac.uk † Scottish Universities Physics Alliance tion on the history of large-scale structures in Universe (e.g., Conroy et al. 2007 ). Even though much attention has been dedicated to the study of BCG formation and evolution, understanding when these most massive galaxies formed and how they evolve with time are still controversial issues.
Early N-body simulations studying BCG formation through merging in a cold matter (CDM) cosmology, find that BCG growth through early merging of few massive galaxies dominates over late-time accretion of many smaller systems (e.g., Dubinski 1998 ). The modern context of BCG assembly through hierarchical growth within networks of dark matter halos is now well established. For example, by using nine high-resolution dark matter-only simulations of galaxy clusters in a ΛCDM universe, Laporte et al. (2013) claim that BCGs can grow mainly through dissipationless dry mergers of quiescent galaxies from z = 2 to the present day, producing BCG light profiles and stellar mass growth in good agreement with observations. However, pure N-body models ignore mechanisms such as gas cooling and star formation in BCG evolution which are also likely important processes.
Taking into account hydrodynamical processes such as infalling gas and AGN feedback, recent semi-analytic models (SAMs) suggest that the stellar component of today's BCGs was initially formed through the collapse of cooling gas or gas-rich mergers at high redshift, and consequently BCGs continued to grow, but assemble substantially very late (50% of the final mass is assembled at z 0.5) through dissipationless processes such as dry mergers of satellite galaxies (De Lucia & Blaizot 2007; Naab et al. 2009; Laporte et al. 2012 ). This two-phase evolution for BCG growth successfully reproduces many observations, however, it has been questioned by a number of studies which find a much slower stellar mass growth in BCGs at z 1 in observations (e.g., Whiley et al. 2008; Collins et al. 2009; Lin et al. 2013; Zhang et al. 2016) . More observational studies of BCGs at higher redshifts will help to constrain these models and give us a better idea of their evolution.
To understand how BCGs evolved and assembled their stellar masses, and which mechanisms drive these changes, it is important to properly connect today's BCGs to their progenitors at earlier times observationally. This requires the non-trivial task of linking BCG descendants with their progenitors through cosmic time, which in turn requires assumptions for how BCGs evolve.
At lower redshift (z 1 − 1.5), BCG progenitordescendant pairs are selected by an empirical approach through constructing a sample based on finding distant clusters, and using the correlation between BCG stellar mass and cluster mass. Employing this method, many studies have characterized the assembly of BCGs at z 1. Lidman et al. (2012) demonstrated that BCGs have grown by a factor of 1.8 between z = 0.2 − 0.9. While Lin et al. (2013) found a similar growth such that the stellar mass of BCGs increases by a factor of ∼ 2.3 since z ∼ 1.4. Shankar et al. (2015) claimed an increase of a factor ∼ 2 − 3 in BCG mean stellar mass, and ∼ 2.5 − 4 factor increase in BCG mean effective radius, since z ∼ 1. Zhang et al. (2016) showed a BCGs mass growth by a factor of ∼ 2 since z ∼ 1.2 using a similar approach.
However, the techniques for linking local BCGs and their progenitors at z 1 are difficult to apply at higher redshifts (z 1.5). On the one hand, it is difficult to identify clusters/proto-clusters at early times. On the other hand, it is also difficult to define BCG progenitors in high-z clusters since the main progenitor may not be the most luminous/massive galaxy as the low-z BCGs. Nonetheless, a number of studies have been carried out to explore the buildup of massive galaxies up to z ∼ 3.
Among the solutions for linking galaxies at different redshifts, matching galaxy progenitors and descendants at a constant number density has been demonstrated to be a considerably improved approach for tracking the evolution of galaxies (e.g., Leja et al. 2013; Mundy et al. 2015) . By applying this method, van Dokkum et al. (2010) claim a mass growth of a factor of ∼ 2, and a size growth of a factor of ∼ 4 for massive galaxies since z = 2. Ownsworth et al. (2014) , using a variety of number density selections with n 1 × 10 −4 Mpc −3 at 0.3 < z < 3, find that about 75% of the total stellar mass in massive galaxies at z = 0.3 is created at z < 3, and the sizes of massive galaxy progenitors is a factor of 1.8 smaller than local early-type galaxies of similar mass. Marchesini et al. (2014) investigate ultra-massive galaxy evolution by using progenitors from z = 3 which are selected with both a fixed cumulative number density and an evolving number density. They find that the stellar content of ultra-massive galaxies have grown by a factor of 2 − 3.6 since z = 3. However, these systems are not necessarily BCGs, and a clear correspondence between massive galaxies and BCGs at high redshifts (z 1.5) is still lacking. In order to obtain better perspective of BCG assembly, it is critical to identify the progenitors of BCGs at z 1.5, and to explore their mass and structural evolution.
Mergers are potentially a significant process in BCG formation, as they are predicted to be a major mechanism in the hierarchical picture of galaxy formation. Apart from the dominant role of minor mergers in BCG mass assembly at low redshift (e.g., Burke et al. 2015) , observations suggest that at high redshifts BCG evolution is also largely driven by mergers through both major and minor events (e.g., Lidman et al. 2013; Burke & Collins 2013) . Since mergers closely relate to the environmental density around galaxies, in this paper, we propose a method to identify BCG progenitors at z ∼ 2, which depends on galaxy local densities as well as galaxy stellar masses. We first examine the effectiveness of our method using simulation data, and then apply this method on the observational data of the CANDELS UDS survey. Our method to probe BCG progenitors at z 1.5 is easier, since it avoids the difficulty of identifying clusters at high redshifts. Comparing high-z BCG progenitors with their local SDSS descendants, we study the evolution of BCG structure, morphology, stellar mass and star formation since z ∼ 2, and discuss the implied formation processes for BCGs.
The rest of this paper is organized as follows. In Section 2, we present the observational data employed in this work. We also introduce necessary quantities which will be used in selecting our BCG progenitors and for comparing BCG properties in this section. The description and simulation tests of our selection of BCG progenitors are presented in Section 3. Although the BCG progenitors selected by our method are contaminated by non-BCG progenitors, in Section 3.3, we demonstrate that our selected progenitors sample, and their local descendants, can be used to trace BCG evolution since z ∼ 2. We then describe our results of BCG assembly in Section 4. In Section 5 we first discuss the possible mechanisms for BCG evolution implied by our results, and then we compare our results with other studies of BCG evolution at z 1 as well as massive galaxy growth since z ∼ 2. Finally, we summarise our results in Section 6. Throughout this paper we have adopted the ΛCDM cosmology with Ωm = 0.3, ΩΛ = 0.7, and H0 = 70 km s −1 Mpc −1 .
OBSERVATIONAL DATA AND QUANTITIES
In this section, we first describe the galaxy catalogues for our local samples and high-z galaxies. We also provide informa-tion on their properties, such as stellar masses, star formation rates (SFRs) and specific star formation rates (sSFRs). The environmental density measured at high redshifts in observations is introduced in a following separate subsection.
We then explain how we use the constant number density of galaxy environment to trace BCG evolution. The structural properties of galaxies from profile fitting are described in the final subsection.
Local Sample
The local BCG sample in this paper, which we compare with the high-z progenitors to study BCG evolution, comes from the catalogue published by von der Linden et al. (2007) (hereafter is L07). The groups and clusters that host these BCGs are found in the Sloan Digital Sky Survey (SDSS) based C4 cluster catalogue (Miller et al. 2005 ), a widely used and well-defined sample whose reliability has been thoroughly tested by simulations. Based on the C4 sample, L07 developed an improved algorithm to identify BCGs in clusters, and published a catalogue containing 625 BCGs residing in galaxy groups and clusters at 0.02 z 0.10 (see L07 for a detailed discussion on the BCG identification method). The stellar masses we use for the L07 BCGs are the "The MPA-JHU DR7 release of spectrum measurements" (see http://www.mpa-garching.mpg.de/SDSS/DR7/)
1 . The stellar mass for SDSS galaxies was initially derived by fitting the observed values of the Dn(4000) and HδA indices with a library of models from (Kauffmann et al. 2003) . A Kroupa IMF is assumed. MPA-JHU group then used broad-band u, g, r, i, z photometry of SDSS DR7 for the spectral energy distribution (SED) fits instead of the spectral features. Although the method is not identical to that of Kauffmann et al. (2003) , the results agree very well. A detailed discussion and comparison of the methods can be found in http://mpagarching.mpg.de/SDSS/DR7/mass comp.html. The MPA-JHU mass is the median of this distribution. Compared with the stellar mass obtained from the best χ 2 model, median stellar mass is ∼ 0.1 dex smaller (Brinchmann et al. 2004; Cid Fernandes et al. 2005 ). When we compare the stellar mass between local sample and their high-z progenitors, we convert the MPA-JHU stellar masses to those with a Chabrier IMF.
As we discuss in detail later in this paper, the high-z progenitor sample selected by our method will contain both true BCG progenitors and non-BCG progenitors (see Section 3.2.3). This is due to there being no perfect way to only select true BCG progenitors at high redshift. Thus, at z ∼ 0, we construct a counterpart sample which is a mixture of local BCGs and local non-BCGs as the descendants of our high-z progenitors (see Section 3.3.2). Therefore, in addition to the L07 BCG catalogue, we also employ SDSS DR7 data as our parent galaxy catalogue to select local nonBCGs to match the high-z inevitable contamination. Since the non-BCGs are selected based on their stellar mass (see Section 3.3.2), the parent galaxy catalogue is the MPA-JHU DR7 stellar mass catalogues. We select our "contamination"
1 In this paper we use their updated stellar masses from http://home.strw.leidenuniv.nl/∼jarle/SDSS/ galaxies within the redshift range of 0.02 z 0.10, the same as our BCG sample.
The SFR and sSFR for both the pure BCGs and the contaminant non-BCGs are taken from the MPA-JHU SFR catalogue (http://mpa-garching.mpg.de/SDSS/DR7/sfrs.html). The total SFRs (dust-corrected) for star-forming galaxies are derived by Brinchmann et al. (2004) based on a Hα emission line modelling technique. Salim et al. (2007) demonstrated that these "Hα" SFRs are very consistent with the dust-corrected SFRs constrained by the UV luminosity of local star-forming galaxies. For local galaxies without Hα detections which belong almost exclusively in the red sequence, the dust-corrected SFRs are obtained from SED fitting of SDSS photometry (details could be found in Salim et al. 2007 ). The SFRs for SDSS galaxies are measured by assuming a Kroupa IMF. They are divided by 1.06 when compared with the SFRs of high-z galaxies which are derived by assuming a Chabrier IMF. 1.06 is the conversion factor to convert SFRs which are calculated for Kroupa IMF to Chabrier IMF. sSFRs of SDSS galaxies are calculated by using the SFRs described here and the MPA-JHU masses. When compared with high-z sSFR, they are also converted to the values for Chabrier IMF.
High-z Sample
The Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey (CANDELS; PIs: Faber and Ferguson; Grogin et al. 2011; Koekemoer et al. 2011 ) provides excellent data to study galaxy properties at high redshift. CAN-DELS is a 902-orbit Multi-Cycle Treasury program on the Hubble Space Telescope (HST) with imaging by the Wide Field Camera 3 (WFC3) and the Advanced Camera for Surveys (ACS) on five different fields: GOODS-N, GOODS-S, COSMOS and UDS. The galaxy catalogue on which we apply our selection of BCG progenitors is from the CANDELS UDS (Mortlock et al. 2015) .
CANDELS UDS covers a part of the field of UKIRT Infrared Deep Sky Survey (UKIDSS, Lawrence et al. 2007 ) Ultra Deep Survey (UDS). Its image has a pixel scale of 0.06 arcsec/pixel and a 5σ depth of H = 26.3 in a 1 arcsec aperture. The photometry of the CANDELS UDS includes U -band data from the CFHT (Foucaud et al. in prep) , B, V, R, i', z' -band data from the Subaru/XMM-Newton Deep Survey (SXDS; Furusawa et al. 2008) , J, H and Kband data from UKIDSS UDS, F 606W and F 814W data from the ACS, H160 and J125-band WFC3 data, Y and Ks bands taken as part of the Hawk-I UDS and GOODS Survey (HUGS; VLT large programme ID 186.A-0898, PI: Fontana et al. 2014) .
The photometric redshifts for the high-z galaxies of CANDELS UDS are calculated by Mortlock et al. (2015) with the method descried in Hartley et al. (2013) . In brief, the SED templates are fit to the photometry described above, and the best-fitting redshift is used. We constrain our high-z galaxy sample within the redshift range of 1 z 3, to ensure a statistically large number of high-z progenitors selected by our method.
The stellar masses of our high-z galaxies are calculated by Mortlock et al. (2015) for the CANDELS UDS. The method used to compute the stellar masses is described in detail in Mortlock et al. (2013 Mortlock et al. ( , 2015 , Hartley et al. (2013) and Lani et al. (2013) . Briefly, the stellar masses are measured through a multi-colour stellar population fitting technique. With a Chabrier IMF, a large grid of synthetic SEDs from the stellar population models of are used to fit the multi-band photometry of the CANDELS UDS. They obtained two kinds of stellar mass. One is the best-fit stellar mass whose template has the smallest χ 2 value. Another one is the mode stellar mass. By binning the stellar masses of the 10% of templates with the lowest χ 2 in bins of 0.05 dex, they determine the mode stellar mass which corresponds to the stellar mass bin with the largest number of templates. In this work we use the mode stellar masses in the catalogue as these masses are less likely to be affected by the bad fitting through templates ).
We find that for all the CANDELS UDS galaxies, the mode stellar mass is statistically consistent with the best-fit stellar mass. Mode mass is only ∼ 0.01 dex smaller than the best-fit one. For our selected high-z progenitors (selection is described in Section 3) which are more massive, we find that the difference between mode and best-fit mass becomes larger, such that the best-fit stellar mass is ∼ 0.1 dex larger than the mode mass. Note that in local universe the best-fit mass for SDSS galaxies is ∼ 0.1 dex larger than the MPA-JHU mass. Although the methods used to determine stellar masses at low and high redshift are not exactly the same, the principles applied-SED fitting of rest-frame optical data-are very similar. Moreover, given the evident BCG mass growth we measure (a factor of ∼ 2.5; see Section 4.3.1), it is not unreasonable to assume that such a large effect cannot be solely explained by systematic differences in the stellar mass determination.
Since CANDELS UDS is a subset of the UDS field, it benefits from the same wealth of the UDS data set, such as the SFR. The SFRs we use for our high-z galaxies are calculated by Ownsworth et al. (2014) for the full UDS field. They are obtained from the rest-frame near UV luminosities which trace the presence of young and short-lived stellar populations produced by recent star formation. First, Ownsworth et al. (2014) determine dust-uncorrected SFRs with a Chabrier IMF. Since the UV light is very susceptible to dust extinction, they then apply a careful dust correction to obtain the final dust-corrected SFRs. For the full description of the dust correction and SFR calculation see Ownsworth et al. (2014) . The sSFRs are calculated by taking these SFRs and the stellar masses described above.
In Section 4.3.2, we find that BCG progenitors at z ∼ 2 have much higher SFRs (by almost two orders of magnitude) than their local quiescent descendants. Although the techniques for measuring SFRs of high-z and local galaxies are not exactly the same, since the Hα and UV SFRs are very similar (e.g., Salim et al. 2007; Twite et al. 2012 ) and all SFRs are carefully dust-corrected, we think our statistical results are still reliable and reasonably robust. Explicitly, we do not think the uncertainty introduced by the different SFR measurements used at high-and low-z are responsible for the clear SFR evolution that we detect.
Density Measurement in Observations
One important property we use in this work to select the BCG progenitors is the local environmental density around the high-z galaxies. Lani et al. (2013) compute the environmental density for UDS galaxies which can be also used for the CANDELS UDS sample. The detailed discussion of the density measurement can be found in their paper. In brief, the densities we use in this work are measured by galaxy counts in a fixed physical aperture. Lani et al. (2013) construct a cylinder with a projected radius of 400 kpc and depth of 1 Gyr around each galaxy within which they count the number of neighbouring galaxies. The radius of 400 kpc represents the typical "radius" of galaxy clusters at high redshifts. The depth of 1 Gyr is several times greater than the 1σ measured uncertainty on the photometric redshifts. This depth avoid diluting the number of galaxies in the cylinder by minimising the exclusion of sources due to the large photometric redshift errors. Moreover, with accounting for holes and edges in the field, the number of real galaxies in an aperture (N aper g
) is normalised. The equation to calculate the density for every galaxy in the UDS catalogue is
where N aper mask is the number of good pixels which are not masked within the chosen aperture, N tot mask is the total number of non-masked pixels in the UDS, and Nz is the total number of galaxies over the entire field which lie within the 1 Gyr redshift interval we consider.
The galaxies employed in Lani et al. (2013) to calculate the environmental density are taken from the UDS Kband selected catalogue. They applied a magnitude completeness cut of KAB = 24.4, which produces a completeness of ∼99%. This magnitude cut corresponds to a stellar mass limit of M cut * = 10 9.76 M⊙ at z ∼ 2, assuming a Chabrier IMF. All galaxies at z ∼ 2 with stellar masses above M cut * = 10 9.76 M⊙ are included in this K-band selection. For more details we refer the reader to Hartley et al. (2013) and Mortlock et al. (2015) .
Constant Number Density Selection
In this section we discuss how to connect our low redshift sample of BCGs to the galaxies at high redshifts.
The main method we use to identify BCG progenitors and study BCG evolution is to match the abundance of BCG environments at low and high redshift. In other words, we assume a constant number density of "BCG environments" (i.e., a constant number density of clusters or highest-density regions). Since BCGs reside in some of the densest environments and are hosted by the most massive halos in the local universe, it is reasonable to assume that at high-z each BCG progenitor also likely reside in one of the most overdense regions. Each high-z overdensity hosting the BCG progenitor may accrete galaxies from other less dense regions, and finally evolve into one galaxy cluster hosting a BCG in the local universe. We assume that the comoving number density of local galaxy clusters and that of the high-z most overdense regions that host the BCG progenitors are approximately the same, with consideration that mergers among the most massive clusters/halos hosting BCGs or BCG progenitors are expected to be much rarer than among normal galaxies (or much less massive halos). Fakhouri et al. (2010) find in simulations that the merger rate per dark matter halo is nearly independent of halo mass, so that the major/minor mergers are as common among massive halos as they are among less massive ones. Thus, taking into account the merger of BCG environments, we consider the effect of using an evolving number density of BCG environments in our selection of BCG progenitors. In our simulations we find that for one BCG at z = 0 there are, on average, 1.4 overdensities at z ∼ 2 whose most massive galaxies will end up in it. Therefore, applying an evolving environment number density of 1.4 × 10 −4.06 h 3 Mpc 3 at the z = 2.07 snapshot in the simulation (i.e., 1.4 times larger than the non-evolving one), we find that the fraction of true BCG progenitors in the selected sample is comparable (actually, marginally smaller) than the one found using constant number density. Therefore, using an evolving number density does not improve the success rate of the BCG progenitor selection; on the contrary, the sample is contaminated by a slightly higher fraction of non-BCG progenitors. Furthermore, translating an evolving number density of structures from the simulations into the observational domain at z ∼ 2 is likely to introduce further uncertainties. Since the additional complications inherent in considering evolving number densities do not seem to improve the results, we opt for the simpler constant number density in our environmental matching method.
The number density of environment used in our study corresponds to that of the clusters in L07. We consider the clusters whose velocity dispersions are σ200 309 km/s, with DM halo masses M200 10 13.55 h −1 M⊙, corresponding to a cumulative comoving number density of 10 −4.06 h 3 Mpc −3 . Selecting the most overdense regions down to this number density limit by using the CANDELS UDS data, we need to select 38 the densest environments at 1 z 3. We then identify the BCG progenitor as the most massive galaxy in each high-z overdensity. Finally, there are 38 BCG progenitors selected from the CANDELS UDS. Correspongding to the comoving number density of 10 −4.06 h 3 Mpc −3 , 469 galaxies are selected at 0.02 z 0.10 from SDSS DR7 as the local comparisons. Detailed descriptions on how we choose our 38 high-z and 469 local sample are presented in Section 3.1 and Section 3.3.2.
Note that by using this method, not all of the selected massive galaxies are true BCG progenitors. In Section 3 we will look at the fraction of true BCG progenitors in the selected progenitor sample obtained by our method, using simulation data. We also examine the fraction of true BCG progenitors in the selected progenitor sample obtained by using a fixed galaxy number density (the method normally used when studying massive galaxy evolution, see van Dokkum et al. 2010 and Ownsworth et al. 2014 ). Comparing these methods, we conclude that our environmental matching is a better way to identify true BCG progenitors at high redshifts. Our main results are therefore obtained using this method. 
Shifting Local Galaxies to High Redshift
One aspect of BCG evolution we study in detail is the connection between local BCGs and their high-z progenitors based on their structural evolution. The high spatial resolution and the high-quality images of the CANDELS UDS data allow for a good assessment of the structural properties (e.g., galaxy size and shape) of high-z galaxies. However, a given galaxy will look different when observed with different instruments or at different redshifts. The extracted structural parameters are also wavelength dependent due to bandpass shifting and cosmological dimming. Therefore, a direct comparison of structural parameters from the original SDSS images and the CANDELS UDS images cannot be done without understanding these biases. In order to explore the intrinsic structural evolution of BCGs, the images from the SDSS and CANDELS UDS need to be calibrated to allow comparisons between redshifts, ensuring similar resolutions and imaging depth. This can be achieved by using the code FERENGI (Full and Efficient Redshifting of Ensembles of Nearby Galaxy Images; Barden et al. 2008 ). This code takes into account the cosmological corrections for size, surface brightness and bandpass shifting when simulating low redshift galaxies to high redshift. Simulated images are produced when the input galaxy images are simulated to appear as higher redshift images using the output redshift and instrumental properties. For a full description about the code see Barden et al. (2008) .
By applying our proposed BCG progenitor selection (detailed description in Section 3) on the CANDELS UDS data, the selected 38 progenitors at z = [1, 3] have a redshift distribution as shown in Fig. 1 . To compare with this, the SDSS images therefore need to be simulated to z = [1, 3] following a similar redshift distribution shown in Fig. 1 after taking into account the k-correction in the FERENGI code. To be efficient when running FERENGI, we only simulate SDSS g-band images to CANDELS UDS H160-band at z = 2. This also allows us to account for the major k- Figure 2 . An example of a simulated galaxy created by using the FERENGI code (middle panel) after shifting one local BCG in the SDSS g-band (left panel) to z = 2 as observed in the CANDELS UDS H 160 -band data. The right panel is an original H 160 -band image of a random galaxy at z ∼ 2. This shows that the input we use in the FERENGI code is able to create a reasonable simulated image compared to an actual z ∼ 2 image within the CANDELS H 160 -band.
correction because the g-band at z ∼ 0 is in the same restframe wavelength as the H160-band at z = 2. Fig. 1 illustrates that z ∼ 2 is the median redshift of our 38 selected high-z progenitors, and ∼ 90% of them are at z < 2.5, implying that the k-correction differences are not a significant factor in the simulation. Furthermore, we know that high-z galaxies look very similar at wavelengths which are greater than the Balmer break (e.g., Conselice et al. 2011) which is the case for our entire sample. Testing on a small number of galaxies, we find that morphologies of the simulated SDSS galaxies placed at z = 2 look very similar to the high-z galaxies. We further demonstrate that galaxy structures (shape and size) measured from simulated images placed at z = 2 do not have a large differential from the structures of their original galaxies. We therefore only simulate SDSS g-band images to CANDELS UDS H160-band at z = 2 without a full k-correction.
One important input in the simulation code is the high redshift sky background image, whose size needs to be larger than the local input images. The size of our input SDSS galaxy images is 500 × 500 pixels which is too large to cut out a corresponding clean sky area within the CANDELS UDS image. Therefore we create simulated CANDELS UDS sky images which are large enough to be applied in the FER-ENGI code. First, we randomly choose 10 clean sky areas within the CANDELS imaging that contain no bright objects nearby. Within each of the sky areas, a patch of size 200 × 200 pixels is cut out. Then for each patch we create the simulated sky image in 1000 × 1000 pixels by copying and pasting the patch. Ultimately, we create 10 simulated CANDELS UDS sky images for these simulations. Each of the SDSS galaxies are then redshifted within one of the simulated sky images which is randomly chosen from the ten.
Since the stellar populations in galaxies at higher redshift are brighter and younger, simply shifting the local galaxies out to high redshift without considering the brightness increase due to stellar evolution will make them look fainter compared to the real average galaxies at such distances. In the FERENGI code, a brightness evolution is put in as an option to account for this evolution. It is introduced by a crude mechanism such that the magnitude evolves as Mevo = x × z + M . By studying the luminosity function from present to z = 2, Ilbert et al. (2005) found that the characteristic magnitude M * of the Schechter function in B rest-frame band strongly evolves with redshift, such that M * at z = 2 is ∼ 2 magnitude smaller than that in local Universe. Since the SDSS g-band is similar with the B band in rest-frame, we set x = −1, making a galaxy 2 mag brighter at redshift z = 2 than it would be without luminosity evolution. The middle panel of Fig. 2 shows one example of the output image from the FERENGI code after redshifting one local BCG in the SDSS g-band (left panel) to z = 2 observed in CANDELS UDS H160-band. The far right panel is the original H160-band image of one random CANDELS UDS galaxy at z = 2. This demonstrates that the input we use in the FERENGI code is able to create a reasonable simulated image which appears similar to galaxies seen in the original H160-band image at z ∼ 2.
Quantitative Characterisation of Galaxy Structure
The surface brightness profiles of galaxies provide valuable information on their structure and their morphology. In addition to measuring galaxy structural parameters by light profile fitting, we also introduce a parameter called the residual flux fraction (RFF ; Hoyos et al. 2011) to quantify how good the model fit is and how far the galaxy profile deviates from the model profile.
Structure Parameters
The structural properties (effective radius Re and Sérsic index n) of simulated local galaxies and high-z progenitors are measured using 2D single Sérsic (Sérsic 1963 ) model fits. The Sérsic model has the form
where I(r) is the intensity at distance r from the centre, Re, the effective radius, is the radius that encloses half of the total luminosity, Ie is the intensity at Re, n is the Sérsic index representing concentration, and b ≃ 2n − 0.33 (Caon et al. 1993 ). The fits are carried out with GAL-FIT (Peng et al. 2002) through the GALAPAGOS pipline (Barden et al. 2012 ) in which the target galaxy and its near neighbours are fitted simultaneously, yielding more accurate results.
For local SDSS galaxies, these fits are also carried out on their z = 2 simulated images created by the FERENGI code. For each target galaxy, the background level is fixed in GALFIT which is the mean sky value of the created CAN-DELS sky image used in the image simulation. The point spread function (PSF) employed in GALFIT is the output simulated PSF created by the FERENGI code.
For the high-z galaxies we study in the CANDELS UDS, the structural parameters are measured from the HST WFC2 H160 images with the PSF of this band, and with the sky value measured by GALAPAGOS. GALAPAGOS uses a flux growth curve method to improve the sky subtraction and produces a highly reliable measure of the background for single-band fits (Häussler et al. 2007 ).
Residual Flux Fraction
The light profiles of real galaxies are often complicated with features such as disturbances, merger remnants, or other structures such as star-forming regions and spiral arms which cannot be fitted by a single Sérsic model. Although we can do visual inspection on the residual images which will give us a good idea whether the galaxy profile can be explained by the single Sérsic model, a more quantitative, repeatable, and objective diagnostic is desired to quantify how large the offset is after subtracting the single Sérsic model from the original image. The RFF provides one such diagnostic, defined as
where A is the particular aperture used to calculate the RFF, within which Ii,j is the original flux of pixel (i, j),
is the model flux created by GALFIT, and σ bkg i,j is the rms of the background light. The RFF measures the fraction of the signal contained in the residual that cannot be explained by background noise. See Hoyos et al. (2011) for more details.
The aperture A we use to calculate the RFF is the "Kron ellipse", which is an ellipse with a semi-major axis of Kron radius 2 (R kron ) and the ellipticity and orientation determined by SExtractor for the galaxy. Σi,j∈AIi,j is computed as the total galaxy flux contained within the Kron ellipse, which is one of the SExtractor outputs, and therefore independent of the model fit. Additionally, to minimise effects from nearby galaxies on the RFF, independently of whether they are fitted with the target galaxy simultaneously or not, we mask out the pixels belonging to all companions within the Kron ellipse using SExtractor segmentation maps. Therefore the RFF measures the residuals from the target galaxy fit alone. Zhao et al. (2015a) includes a detailed discussion on the RFF calculation and how we apply it to our BCG samples.
We compute the RFF on the residual images of both the simulated local galaxies and the high-z progenitors. The 2 In this paper we use the following definition of "Kron radius": R kron = 2.5r 1 , where r 1 is the first moment of the light distribution (Kron 1980; Bertin & Arnouts 1996) . For an elliptical light distribution, this is, strictly speaking, the semi-major axis.
comparison of these will show at which epoch the galaxies are more disturbed, which we discuss later in this paper.
SELECTING BCG PROGENITORS AT
In this section we introduce our basic procedure for the BCG progenitor selection. This is a critical aspect and thus a major part of this paper. Readers interested only in the comparison between the two redshifts can skip to Section 4. In summary, we investigate how to match high-z BCG progenitors with their z = 0 counterparts. We ultimately selected a environmental matching method which depends on the environments of galaxies at high redshifts to locate the most likely BCG progenitors. We test and fine-tune our method using the output of the Millennium Simulation.
Basic Assumption
In order to trace the formation and evolution of BCGs, statistically large samples of BCGs are needed over a broad redshift range. In many other recent studies, BCG samples at higher redshifts are selected through the detection of galaxy clusters in either the X-ray band (Collins et al. 2009 , Burke & Collins 2013 , Zhang et al. 2016 or the infrared band (Lin et al. 2013) , and BCG evolution can be traced back to z ∼ 1. Unfortunately, the observational constraint on BCG evolutionary scenarios is still poor at z 1 − 1.5, and is limited by the difficulty of identifying large samples of galaxy clusters beyond z ∼ 1. However, due to the fact that environment can be measured at high redshifts with observables which are relatively easy to obtain (albeit the high calibre data of observables is vital), we develop a environmentdependent selection criteria to obtain a statistically large sample of BCG progenitors beyond z ∼ 1.
Our basic idea is to select the densest environments at high redshifts and identify our BCG progenitors as the most massive galaxies in these most overdense environments. For a complete observational galaxy sample at high redshifts, environmental density can be measured for each galaxy through galaxy counts within a fixed physical aperture. Once the densest environments are located, we select the most massive galaxy in each cylinder as the BCG progenitor candidate. The summary of this method is that once the environmental densities for all galaxies are obtained, they are ranked from the largest overdensity down to the smallest overdensity. Given the volume of the CANDELS survey and using the number densities of galaxy clusters in the local universe, there will be a number of N BCG progenitors that need to be selected as the most massive galaxies in the top N densest regions.
We apply our method to the observational data of the CANDELS UDS. At a constant number density of 10 −4.06 h 3 Mpc −3 , 38 progenitors need to be selected at z = 1−3, as we discussed in Section 2.4. The environmental densities have already been measured by Lani et al. (2013) for the UDS which covers the CANDELS UDS. Therefore, the densities are known for CANDELS UDS galaxies. By ranking them from the most overdense to the least overdense, we select 38 progenitors as the most massive galaxies in the top 38 densest regions. We then compare this sample with the 469 local descendants from our SDSS DR7 sample.
Although we can obtain a progenitor sample this way, it is possible that a fraction of these galaxies are not the true BCG progenitors but are the progenitors of non-BCGs at z ∼ 0. Important questions are how many true BCG progenitors are in our selected high-z samples and what fraction of the true BCG progenitors are selected. We carry out a series of tests in the simulations to answer these questions.
Test of Method in Simulations
To test our assumption of the BCG progenitor selection, we use the output of the Millennium Simulation and their respective SAM realisations. The Millennium Simulation uses 2160 3 particles of mass 8.6 × 10 8 h −1 M⊙ to follow the evolution of the DM distribution within a comoving box of side 500h −1 Mpc from z = 127 to z = 0 in 64 snapshots. Using the assumption of the ΛCDM cosmological model, the cosmological parameters are Ωm = 0.25, Ω b = 0.045, ΩΛ = 0.75, h = 0.73, σ8 = 0.9 and ns = 1. The SAM used in this work is from De Lucia & Blaizot (2007) . They study the formation and evolution of BCGs by applying their model to the output of the Millennium Simulation with the updated treatments for stellar populations, dust attenuation and cooling flow suppression via AGN feedback.
We employ the simulation data at two redshift snapshots. One is z = 0 (snapshot=63) at which we identify a sample of BCGs. All of their progenitors can be traced easily at any higher redshift. The other epoch we study is z = 2.07 (snapshot=32) at which we select the progenitor sample by using the same method that we use on our data. Although the 38 progenitors from the CANDELS UDS are chosen from z = 1 − 3, their average redshift is z = 2.06 (see Fig. 1 ). Thus the simulation comparison is carried out at the SAM snapshot at z = 2.07. In the following, we describe in detail how we define the galaxy sample used in the tests at z = 0 and z = 2.07. We then discuss the fraction of true BCG progenitors which are selected by our method. We also examine and discuss the fraction of BCGs recovered when densities measured with different parameters are used, or when the top three most massive galaxies are identified as the BCG progenitor candidates. The implication of these results will be discussed briefly.
Simulation Snapshot at z=0 Sample Selection
In the full simulation box at z = 0 BCGs are identified as the most massive galaxy within the virial radius of their DM halos whose mass Mvir 10
13.55 h −1 M⊙. This halo mass criteria is employed to be consistent with the observational halo mass which is M200 10 13.55 h −1 M⊙ corresponding to 10 −4.06 h 3 Mpc −3 (see Section 2.4). There are 8490 BCGs identified at z = 0 in the simulation through this method.
Once the BCGs at z = 0 are selected, it is straightforward to trace their progenitors at any higher redshift. For the full comparison between observations and simulations, we use the observational constrains in the simulations. There is a stellar mass cut of M cut *
= 10
9.76 M⊙ at z ∼ 2 for the galaxy completeness used in Lani et al. (2013) (see Section 2.3). To be consistent with this, at z = 2.07 in the simulation, we only consider galaxies whose stellar mass M * 10 9.76 M⊙ to ensures that the parent high-z galaxies used in the simulation to calculate the environmental density is as similar to the observational one as possible. Then every galaxy at z = 2.07 which ends up as one of our local 8490 BCGs is counted as a true BCG progenitor. At z = 2.07 there are 78, 454 true BCG progenitors in total for the whole 8490 BCGs, comprising a "true BCG progenitor catalogue". These progenitors however are not only the most massive progenitors, but include all the individual objects that grow and merge to form the BCGs in the local universe within the simulation.
Snapshot of z=2.07
In order to apply our observational method on the simulation data to select BCG progenitor candidates, we first calculate the environmental density for galaxies in the full simulation box at z = 2.07 by using galaxy counts in a fixed physical aperture, with some modification of Equation 1. In the simulations, there are no bad pixels that need to be masked as in the observations. Thus the N , where l is the box length of one side (i.e., 500 h −1 Mpc) and Raper is the aperture radius. We use a density contrast in our test defined as
where N aper g is, as before, the number of galaxies in the chosen aperture. Nz is the total number of galaxies within l 2 × D, following the definition in Lani et al. (2013) , where D is the depth of the cylinder. The cylinder we use is in the direction of the z-axis. The left panel of Fig. 3 illustrates how the density is measured within a fixed aperture. The most massive galaxy in the cylinder (circled in magenta) is a BCG progenitor candidate as we discuss in Section 3.1.
The values of the aperture radius Raper, and the depth of the cylinder D, are chosen to be similar to the ones adopted in Lani et al. (2013) who construct a cylinder with an aperture radius of 400 kpc, and depth of 1 Gyr to measure UDS densities. In the simulation, the value of Raper = 400 kpc can be employed easily. However, it is difficult to apply a 1 Gyr depth as the cylinder depth in one single box. Unfortunately, the 1σ uncertainty of the UDS photometric redshifts ∆z ∼ 0.1 at z ∼ 2 corresponds to ±300h −1 Mpc (∆v ∼ ±30000 km/s). This is already larger than the box size in each redshift snapshot. The depth of 1 Gyr is thus several times greater than the 1σ uncertainty of the UDS photometric redshift. Since we are limited by the simulation box, we are more generous in considering the photometric redshift errors at high redshift. Additionally, to ensure a large sample of galaxies in the simulation box being eligible to have a reliable density measurement, we use D = 120h −1 Mpc as the cylinder depth.
As we mention in Section 3.2.1, only galaxies whose mass M * 10 9.76 M⊙ will be considered within the z = 2.07 selection in the simulation. However, density is not measured for galaxies too close to the box edges, as a full measure of Figure 3 . Left panel illustrates how density is measured through galaxy counts (black dots) in a cylinder of fixed aperture Raper and depth D (coloured in purple) for the central galaxy. Larger dots show the more massive galaxies. The most massive galaxy in the cylinder, with a magenta circle, is selected as the BCG progenitor candidates in this example. The density is measured in the z-direction of the box in the simulation. The grey dots are the galaxies outside the cylinder. Middle panel shows a cross section perpendicular to the z-axis. Density is not calculated for those galaxies in the shaded area whose vertical distance to the box edges of the x-axis or y-axis is less than the aperture radius Raper. Right panel shows a cross section perpendicular to the y-axis. Density is not calculated for those galaxies in the dark shaded area whose distance in z direction to the x-y surface is less than D/2. In all, galaxies in the dark and light shaded area in the right panel are excluded from the density catalogue in the simulation. The density of galaxies in the inner white region is measured within a fixed aperture, as shown in the left panel.
environment cannot be done. Therefore, there is no measurement of environmental density for galaxies whose perpendicular distance to the box edges in the x-axis or y-axis is less than the chosen aperture radius. The middle panel of Fig. 3 shows a cross section perpendicular to the z-axis. The galaxies in the shaded area are excluded from the density catalogue.
On the other hand, if the distance in the z direction from one galaxy to the x-y surface is less than D/2, the density measurement will not be employed on this galaxy for the same reason that no galaxy information can be traced in the space outside the simulation box. A cross section perpendicular to the y-axis in the right panel of Fig. 3 illustrates this requirement on distance in the z-direction. Finally, a density catalogue which is ranked from the largest densities to the smallest densities is created for galaxies with M * 10 9.76 M⊙ at z = 2.07 in the simulation. The most massive galaxy is known in each density and is taken as the BCG progenitor candidate in our selection.
In the simulation, environment number density tracing is applied as well. Since there are 8490 BCGs/clusters at z = 0 in the simulation, we need to select 8490 environments/progenitors within the z = 2.07 snapshot. Based on our assumption for BCG progenitors, the progenitor sample galaxies are identified as the most massive galaxies in the top 8490 densest environments in the simulation. Finally, the number of true BCG progenitors within our observationally based selection sample can be known by matching our 8490 progenitors with the 78, 454 true BCG progenitors the simulation gives us.
Fraction of the Selected True BCG Progenitors
In order to show explicitly how many true BCG progenitors can be found with our observationally based selection method, we define
which is a fraction of the true BCG progenitors in our selected high-z progenitors. The term Ntot = 8490 is the total number of the progenitor galaxy sample identified through our method of environmental matching on the most massive galaxies in the densest environments. N match tot is the number of true BCG progenitors found within these Ntot = 8490 progenitors. Note that we allow more than one BCG progenitors to end up in the same local BCG.
In the end, we find ftot = 45%, indicating that the progenitor sample selected by our density-dependent method at z ∼ 2 is not a pure sample of true BCG progenitors, but is contaminated by 55% of progenitors of local non-BCG galaxies (we call these systems non-BCG progenitors hereafter). If we select the high-z progenitor sample by the fixed galaxy number density (the method when study massive galaxy evolution), the fraction of true BCG progenitors is only 35%. Our method can obtain a much higher fraction of successful BCG progenitor selection. In Section 3.3.1, we will examine how different the properties are between our true BCG progenitors and the non-BCG progenitors, as well as discuss whether the progenitor sample we select can be used to trace BCG evolution and how to account for this contamination when comparing high and low redshifts.
Effect of Density Measurement Method
The ftot value we measure is based on the density measurement with a cylinder size of Raper = 400 kpc and D = 120h −1 Mpc. In this section, we examine whether the cylinder size can significantly effect the fraction of the selected true BCG progenitors using our method. We thus apply different apertures and depths to calculate the environmental density.
First, with a fixed depth of D = 120h −1 Mpc, we employ different aperture radii from the local scale Raper = 250 kpc, to the global scale Raper = 1 and 2 Mpc. The total fraction of selected true BCG progenitors is then ftot = 47%, 42% and 39%, respectively for these different scenarios. It thus appears that ftot increases at smaller aperture radii, however the aperture size is not a major factor in significantly increasing the number of selected true BCG progenitors. We also measure galaxy number densities within cylinders with a fixed aperture of Raper = 400 kpc and with different depths of D = 250, 30, and 4h −1 Mpc. 250h −1 Mpc represents the largest photometric redshift uncertainty which we have in the data. 30h
−1 Mpc is of the same order of redshift accuracy measured by narrow-band imaging, and 4h −1 Mpc is the spectroscopic redshift measuring error. The corresponding total fractions are then: ftot = 36%, 51% and 56%, respectively. This implies that if spectroscopic redshifts for a large sample of galaxies in the early universe could be measured accurately in observations, the fraction of selected true BCG progenitors could increase by > 10% compared to using SED-fitted photometric redshifts. However, the fraction of true BCG progenitors selected as the most massive galaxies in the densest environments cannot exceed 70% even if we use a cylinder with very small aperture (e.g., Raper = 250 kpc) and a spectroscopic redshift uncertainty (e.g., 4h
−1 Mpc). This suggests that there is a natural limit in how well we can trace BCG progenitors with this method.
The length of the cylinder we use to measure density in the observations is equivalent to 1 Gyr of look-back-time (or ∼ 1000h −1 Mpc around z ∼ 2), which is significantly larger than the one we have used in the simulations due to the size of the simulation box. In order to use a cylinder with a more similar length to the one used in the observations, we have replicated the z = 2.07 simulation box on all sides, taking advantage of the periodic boundary conditions. This allows us to measure environmental density with cylinder whose length is more than 500h −1 Mpc. By using cylinder lengths of 500h −1 Mpc and 1000h −1 Mpc, the fraction of the true BCG progenitors in our selected high-z sample is ∼ 41% in both cases, a number that is very similar to what was found with smaller cylinders. We are thus reassured that our results on BCG evolution do not depend on the exact size of the cylinder used in the simulation tests.
Effect of Galaxy Stellar Mass
De Lucia & Blaizot (2007) show in simulations that BCG progenitors have a wide stellar mass distribution from 10 10 M⊙ to 10 12 M⊙, and there is a good overlap between the mass distribution of high-z massive galaxies and the massive progenitors of local BCGs. This implies that the most massive galaxy in a dense region could be a non-BCG progenitor and we could miss out those true BCG progenitors whose stellar masses are slightly smaller.
Therefore, in the simulation, we select the candidates of BCG progenitors from a larger pool that includes the second and third most massive galaxies in the densest regions to examine the possible effect from stellar mass differentials. We carry out this test through a method of iterative matching. We first test if the most massive galaxy in a given environment is a BCG progenitor. If this most massive galaxy is matched as the true BCG progenitor then we do not further match the 2nd and 3rd massive galaxies. However, if the top massive galaxy is a not a BCG progenitor then we match the 2nd most massive galaxy in that environment with the true BCG progenitors. No further matching will be done on the 3rd galaxy as long as the 2nd one is the true BCG progenitor. If neither the 1st or 2nd massive galaxies are BCG progenitors then we match the 3rd most massive one. This selection down to the 3rd most massive galaxy increases the total fraction of the true BCG progenitors we select to ftot = 55%.
Combined with the results of Section 3.2.4 this indicates that a large fraction of massive galaxies in very dense environments at high redshift do not end up in z = 0 BCGs but in local normal massive galaxies. Both overdensity and stellar mass are not unique tracers for identifying true BCG progenitors at z ∼ 2. Other than using environmental density, we also examine the fraction of true BCG progenitors in the simulation if our progenitors are selected based on their host DM subhalo masses. Muldrew et al. (2011) demonstrate that in simulations the maximum circular velocity of the subhalo is a better property to represent the subhalo mass than the virial mass of subhalo. We thus examine the selection that the BCG progenitors are selected as the 8490 most massive galaxies in the top 8490 subhalos sorted by their maximum circular velocity. If we use this method, the total fraction of the selected true BCG progenitors increases to ftot = 65%. Although dark matter is a more promising tracer to find BCG progenitors at z ∼ 2, it is hard to apply it on observation data since measuring the maximum circular velocity of subhalo cannot be done observationally at the moment. However, ultimately this may be a better method of finding BCG progenitors in the future.
Effect of Contaminants in Our Selected Sample
Since our final aim is to apply our BCG progenitor selection on the CANDELS UDS data by employing the UDS density catalogue, the following discussion will be based on the results of the simulation tests in Section 3.2.3. We show that using the density measured as in Lani et al. (2013) within the UDS, our selected progenitors at z ∼ 2 are not pure BCG progenitors, but consist of 45% true BCG progenitors and 55% non-BCG progenitors as contaminants. This means that within the 38 progenitors selected from the CANDELS UDS at 1 z 3, about 17 of them are BCG progenitors and the rest are contaminants. It is, however, impossible to know from the available data which are the real BCG progenitors and which are not.
In the following we first show, based on simulations, that the properties of our entire selected progenitor sample and the 45% true BCG progenitors within them are not significantly different. Next, in order to trace BCG evolution down to z ∼ 0, our selected progenitors at high redshifts need to be compared with their counterparts in local universe, which will be a mixture of BCGs and non-BCGs. We demonstrate below that the local non-BCGs which are the descendants of those 55% non-BCG progenitors statistically share similar properties of local BCGs. We find that the uncertainty resulting from the contamination in our samples does not erase the BCG evolution signal. The comparison, at the same number density, between the progenitors we select at high redshift with their local counterparts can therefore give us an accurate measurement of BCG evolution.
Contamination at High-z
From the test we carry out in Section 3.2, we know that the 38 progenitors that we select from the CANDELS UDS by our method is a mixed sample with 45% true BCG progenitors and 55% non-BCG progenitors. The question we need to answer is how the contaminant non-BCG progenitors differ from the true BCG progenitors. Ideally, the comparison should be carried out in observational data between the whole 38 progenitors and the 17 true BCG progenitors within them. However, there is no method that can identify the true BCG progenitors in our selected high-z sample. Therefore, we carry out our comparison in simulation by using the 8490 progenitors selected through the observationally based selection. They are compared with the 3780 (45%) true BCG progenitors, and 4710 (55%) non-BCG progenitors within them (see Section 3.2.2 and Section 3.2.3). The properties within the simulation we discuss are stellar mass, SFR/sSFR, disk radius, and density and position of galaxies.
First, we examine the differences in galaxy masses. The left panel in the upper-row of Fig. 4 illustrates the stellar mass distribution of our selected 3780 true BCG progenitors (red dash line) and the 4710 non-BCG progenitors (green dotted line) in the simulation. It illustrates that the true BCG progenitors selected by our method are slightly more massive than those selected which are non-BCG progenitors. The non-BCG progenitors make the entire 8490 progenitors (shown blue solid line) have on average a somewhat smaller stellar mass. The median stellar mass of true BCG progenitors is 10
10.75 h −1 M⊙, and it is 10 10.69 h −1 M⊙ for all the 8490 progenitors. The effect of non-BCG progenitors on the stellar mass distribution is thus to make it 0.06 dex smaller. Moreover, we also plot the mass distribution of the entire z = 2.07 progenitor population of the 8490 z = 0 BCGs (i.e., the 78,454 true BCG progenitors. See Section 3.2.1). This is shown in Fig. 4 as the black shaded area. It is clear that our method selects those BCG progenitors at the most massive end.
The next two properties we examine are SFR and sSFR, whose distributions are shown in the middle and right panels in the upper-row of Fig. 4 . As can be seen, the non-BCG progenitors, which make up 55% of the selected sample (green dotted line), and the entire selected samples (blue solid line) have a different distribution from the 45% true BCG progenitors (red dash line). The actual BCG progenitors distribute relatively evenly over log SF R = [0, 2] (log sSF R = [−11, −9]), with a larger fraction found towards the low SFR and low sSFR values. If we take the median SFR of the 8490 progenitors as a threshold, the majority of the true BCG progenitors have a SFR lower than log SF R = 0.71 and a similar fraction for sSFR selection. In contrast, the selected non-BCG progenitors and the whole progenitor sample are dominated by galaxies with high SFR (high sSFR). The non-BCG progenitor population makes the SFR (sSFR) distribution of the entire selected progenitors larger by a factor of ∼ 0.3 dex (∼ 0.4 dex) than the true BCG progenitors. Although the exact difference in SFR/sSFR values between true BCG progenitors and our observationally-selected BCG progenitors is likely dependent on the SAM used, it is unlikely that the uncertainty introduced by this is responsible for the clear SFR evolution that we detect in Section 4 (by almost two orders of magnitude).
The left panel in the lower-row of Fig. 4 shows the distribution of disk radius which is derived by De Lucia & Blaizot (2007) from halo radius following the relationship in Mo et al. (1998) . We find that non-BCG progenitors (green dotted line) in our selected sample tend to have smaller disk radii, making the entire sample of selected progenitors (blue solid line) more compact in disk size by a factor of 0.1 dex than the true BCG progenitors (red dash line). At the same time, it is clear that the true BCG progenitors we select from the densest environments have much larger radii compared with the entire 78,454 true BCG progenitors of the 8490 z = 0 BCGs (black shaded area).
Moreover, we also check the environments of our selected samples in the simulation. The distribution of density where our selected progenitors reside is presented in the right panel in the lower-row of Fig. 4 . We find that the environments of the 45% true BCG progenitors (red dash line) are only marginally denser than the environments which host the 55% non-BCG progenitors (green dotted line). About 10% more non-BCG progenitors are in the less dense regions. Nevertheless, a K-S test demonstrates that the entire sample of our selected progenitors (blue solid line) are within the same local density as the 45% true BCG progenitors. This result is partially by design given that we only select our progenitors based on being in dense environments. However it might be the case that the BCG progenitors are more likely to be found in the densest environments among this selection, but this appears to not be the case as presented by the black shaded area which shows environments of the entire 78,454 true BCG progenitors of the 8490 z = 0 BCGs. It is clear that majority of the true BCG progenitors reside in less dense regions.
In addition to the environmental density, the location of galaxy in the host dark matter halo is examined as well. The simulation gives the central galaxy of its FOF group as type 0, the central galaxy of a subhalo is type 1, and satellite galaxy as type 2. In the 3780 true BCG progenitors we select, 71% of them are type 0 galaxies while 19% are type 1 galaxies and the rest 10% are type 2 galaxies. In the 4710 non-BCG progenitors, we find that 72% are type 0 galaxies, 23% are type 1 galaxies and other 5% are type 2 galaxies. There is thus not much difference in terms of galaxy position within their respective groups and clusters between BCG progenitors and non-BCG progenitors.
Based on the simulation, we find that the properties of the entire progenitor population selected by our method are very similar to the properties of the actual BCG progenitors within them. These properties include: stellar mass, disk radius and environment. The non-BCG progenitors do however appear to influence the distribution of SFR/sSFR, driving the SFR/sSFR of the entire selected progenitors higher by a factor of 0.3 − 0.4 dex larger.
We apply these findings on our 38 observational progenitors, supposing that their stellar masses and effective radii represent the true BCG progenitor at z ∼ 2 but with a ∼ 0.4 dex larger SFR/sSFR. In Section 3.3.3 we demonstrate that the evolution of BCGs over z = 0 − 2 is intrinsic, and still . Property distributions of the 8490 most massive galaxies in the top 8490 densest regions (blue solid) at z = 2.07 from the Millennium simulation. In the upper-row, stellar mass, SFR, and sSFR are shown in panels from left to right, respectively. In the lower-row, the left panel is the disk radius distribution, and the right panel is for density measured within a fixed aperture. In each panel, distribution of the 45% true BCG progenitors within these 8490 galaxies is illustrated as the red dash line. The remaining 55% non-BCGs progenitors are presented in the green dotted line. The black line with shadow presents the distribution of the entire 78,454 progenitors of local 8490 BCGs in the simulation. The numbers in legend show the median value of the corresponding distributions. Detail discussions can be found in text. evident, even if the systematic raising of the star formation from the non-BCG progenitors is considered.
Contamination in the Local Universe
Since the progenitor population selected by our method is a mixture of real BCG progenitors and non-BCG progenitors, in order to trace evolution down to z ∼ 0, the local comparison should be the z ∼ 0 counterparts of our high-z progenitors rather than a pure local BCG sample. In this section, we discuss how we construct an observational local mixed sample which consists of the descendants of both our selected high-z non-BCG progenitors and the BCG progenitors. We also examine whether the properties of a locally mixed sample are different from a pure BCG sample due to the non-BCG contamination. At our constant number density selection of 10 −4.06 h 3 Mpc −3 , we calculate that 469 local descendants should be selected from SDSS DR7. We must populate these descendants with both real BCGs and with other non-BCG galaxies.
In the simulation, we find that within the z = 0 descendants of the z = 2.07 8490 selected progenitors found using our observational method, 38% of them are BCGs and the remaining 62% are non-BCGs. Applying these fractions to the 469 local observational sample, there are thus 291 nonBCGs and 178 BCGs we should identify to build up a mixed counterpart sample at z ∼ 0.
In order to ensure that the 291 local non-BCGs we identify in SDSS DR7 catalogue are likely the descendants of our selected high-z contaminants from CANDELS UDS, they are chosen according to their distribution within the whole z = 0 galaxy population in terms of stellar mass. This distribution can be determined based on our simulation results. In the simulation, at z = 2.07, 4710 galaxies (55%) selected by our method in the top 8490 densest regions evolve into non-BCGs at z = 0. In terms of stellar mass, how these nonBCGs distribute in the whole z = 0 galaxies can be known. By ranking galaxies by stellar mass from large to small in the z = 0 box, descendants of our non-BCG progenitors are located by their stellar masses (hereafter we call the massranked whole local galaxy population as the "galaxy pool").
Therefore, down to a specific stellar mass M * ,threshold in the galaxy pool, we could know how many non-BCGs whose M * M * ,threshold are there. Note that, in the galaxy pool, a specific stellar mass M * ,threshold corresponds to a number of galaxies whose M * M * ,threshold . Taken into account the local comoving volume, a specific stellar mass M * ,threshold then corresponds to a cumulative number density N D(> M * ,threshold ). Since we use the number density of N D = 10 −4.06 h 3 Mpc −3 in this work, to be convenient, we take this value as a unit. When we explore the mass distribution of non-BCGs in the galaxy pool, we choose a number of M * ,threshold whose converted cumulative number densities are m × N D where m = 1/2, 1, 2, 4, 8, 16, 32, 64. In the upper panel of Fig. 5 , the lower tick labels of x-axis show these corresponding cumulative number density.
Down to each M * ,threshold , the number of descendants of our selected non-BCG progenitors can be obtained (we express this as N non−BCG,>thres ). This number can be converted to a cumulative fraction defined as f non−BCG,>thres = N non−BCG,>thres /Ntot,non−BCG where Ntot,non−BCG is the total number of z = 0 descendants of our 4754 non-BCG progenitors. This fraction is the y-axis of the upper panel of Fig. 5 . The upper panel of Fig. 5 finally shows the distribution of the z = 0 descendants of our selected non-BCG progenitors in the galaxy pool in terms of stellar mass. If the total number of non-BCGs is known (i.e., Ntot,non−BCG is known), this panel essentially tells us how many non-BCGs are between two adjacent cumulative number densities of galaxy pool. This panel also tells us we need to go down to 64N D in the galaxy pool to retrieved almost all the descendants of our non-BCG progenitors.
We apply this distribution to the SDSS DR7 galaxies to select the observational descendants of our high-z non-BCG progenitors. In observation, the galaxy pool is comprised of the SDSS DR7 galaxies which are at 0.02 z 0.1 and are ranked by stellar mass from large to small. The cumulative number densities m×N D where m = 1/2, 1, 2, 4, 8, 16, 32, 64 are also used for the SDSS DR7 data. For each cumulative number density, the corresponding number of SDSS DR7 galaxies (counted from the most massive galaxy) is known, from which the non-BCGs are selected. Since we need to obtain 291 non-BCGs to contaminate our pure BCGs (i.e., Ntot,non−BCG = 291), how many non-BCGs should be selected between two adjacent cumulative number densities could be known according to the upper panel of Fig. 5 . The non-BCGs are then selected randomly from galaxies which are not BCGs.
There is also the caveat that the galaxy distribution in our simulation cannot fully represent the observational one due to the unclear baryon physics in galaxy formation and evolution. However, the distribution of local descendants of high-z non-BCG progenitors from this simulation is currently the best method we can take for selecting non-BCG descendants in observations. Moreover, since the formation and evolution of non-BCGs may involve less hydrodynamical mechanisms such as inflows/outflows at z < 3, the simulation results for non-BCGs could be better than the results for BCGs.
The question now is how do we select the BCG themselves at low redshifts? The middle panel of Fig. 5 shows the simulated cumulative number distribution of z = 0 BCGs which are the descendants of our selected 3780 z = 2.07 BCG progenitors in the simulation. However, this simulation and others create too many massive galaxies compared with observations at z ∼ 0 (e.g., Lin et al. 2013) , such that the simulation distributions of local massive galaxies does not represent the real observational ones correctly. This is shown clearly by comparing the middle panel of Fig. 5 with the lower panel which illustrates the L07 BCG number distribution in the SDSS DR7 galaxy population. Therefore, we select 178 BCGs from the L07 catalogue according to the L07 BCG number distribution. The BCGs within every bin are selected randomly from those galaxies which are L07 BCGs whose host clusters have velocity dispersion σ200 309 km/s.
Combining the 178 BCGs and the 291 non-BCGs, the final local mixed sample is created. We run this process 10 times to get 10 sets of local mixed sample avoiding biases from selecting a single sample. In order to examine the effect of non-BCG properties, we compare the 469 local mixed sample with the 178 pure local BCGs within them.
In Fig. 6 , the dotted colour lines present the property distributions of our 10 sets of mixed samples at z ∼ 0, and the magenta solid lines are for our one set of 178 pure BCGs (the properties of 10 sets pure BCGs are very similar, therefore we plot only one set pure BCGs to keep the plots clean). We find very little effect from the non-BCGs on the BCG properties, such that the mixed sample have very similar structures (n and Re), RFF, stellar mass and SFR/sSFR as pure BCGs. Note that the stellar mass distribution of the local mixed sample has a relatively evident offset from the pure BCGs by a factor of 0.08 dex. Nevertheless, the uncertainty derived from the descendants of our selected non-BCG progenitors is no larger than ∼ 0.1 dex for all the properties we explore.
Can Contaminants erase BCG Evolution?
In Section 3.3.1 we find that the effect of contamination from non-BCG progenitors is very small on BCG progenitor stellar mass and size (< 0.1 dex), but is more evident on SFR/sSFR by increasing them by a factor of ∼ 0.4 dex. In Section 3.3.2 we demonstrate that the effect of the descendants of non-BCG progenitors is no more than ∼ 0.1 dex on local BCG structure, stellar mass or SFR/sSFR properties. In this section, we will examine whether the uncertainty introduced by both non-BCG progenitors and local non-BCGs will erase the BCG evolution since z ∼ 2 and whether the BCG evolution we find by our method is intrinsic.
The properties of our 38 selected progenitors are plotted in Fig. 6 in blue solid lines with shadow. Note that there is one progenitor has very bad original CANDELS UDS image which results in unreliable fitting result (see Fig. 8 ). Therefore, we do not take into account its shape, size, and morphology in our discussions. Comparing the properties of our high-z progenitors with the properties of the z ∼ 0 mixed sample (colour dotted lines), we find that BCG evolution is evident since z ∼ 2 even if uncertainties are taken into account. We discuss this for stellar mass, SFR/sSFR and size specifically below.
We find that even if the BCG mass growth decreases when the 0.06 dex uncertainty from non-BCG progenitors and the 0.08 dex uncertainty from local non-BCGs are considered, the mass build-up in BCGs remains clear, growing by a factor of 0.24 dex over z = 0 − 2. The systematic contamination cannot erase the change of BCG SFR/sSFR either since the difference in SFR/sSFR between high-z progenitors and their local counterparts (∼ 1.8 dex for SFR; ∼ 2.2 dex for sSFR) is much larger than the 0.4 dex un- Figure 5 . Upper panel: cumulative fraction of local non-BCGs which are the descendants of the 4710 z = 2.07 non-BCG progenitors in the simulation. These galaxies are plotted as a function of galaxy number in the "galaxy pool" (see text) from our simulation. Galaxies in the galaxy pool are ranked by their stellar masses, from large to small. Note that the galaxy number in the galaxy pool can easily be converted to a number density by dividing the volume of the z = 0 simulation box (500 3 h −3 Mpc 3 ). At the number density of N D = 10 −4.06 h 3 Mpc −3 , we choose the numbers, such that they can be converted as m × N D where m = 1/2, 1, 2, 4, 8, 16, 32, 64 . The tick label of the x-axis is thus expressed in terms of m × N D. Searching from the most massive galaxy down to a chosen number of galaxies (i.e., m × N D), the number of descendants we retrieve from our selected non-BCG progenitors is obtained, which is expressed as N non−BCG,>thres . This number N non−BCG,>thres can be converted into a cumulative fraction defined as f non−BCG,>thres = N non−BCG,>thres /N tot,non−BCG where N tot,non−BCG is the total number of z = 0 descendants of the 4710 non-BCG progenitors. When the y-axis reaches = 1 this is when all of the descendants of non-BCG progenitors have been recovered. Middle panel: cumulative fraction of simulated z = 0 BCGs which are the descendants of the 3780 z = 2.07 BCG progenitors as a function of galaxy number density in the simulated galaxy pool. Lower panel: real data for BCGs, showing the cumulative fraction of local L07 BCGs as a function of galaxy number in the SDSS DR7 galaxy pool.
certainty from non-BCG progenitors. In respect of effective radius, 0.4 dex size growth still remains even if the 0.1 dex systematic contamination from non-BCG progenitors is considered.
In Section 3.3.1 we find that our selected progenitors whose SFR/sSFR is less than the median value are more likely to be the true BCG progenitors. Since a low-SFR/-sSFR subsample may be more likely the true BCG progenitors, we examine their properties specifically. In Fig. 6 , the grey dashed lines with shadow represents the property distribution of our selected progenitors with low star formation rate whose log sSF R < −9.87. These lower star forming sys- . Distribution of Sérsic index n, effective radius, RFF, stellar mass, SFR and sSFR from our observations. The blue solid line with shadow in each panel shows the property distribution of the 38 high-z progenitors selected by our method from CANDELS UDS. Specifically, the grey dashed lines with shadow illustrate the distributions of our selected progenitors whose sSFR is lower than the median value (i.e., log sSF R < −9.87). The several colour dotted lines show the distributions of the 10 sets of local mixed sample each of which contains 291 non-BCGs and 178 BCGs. Magenta solid line is for the 178 pure BCGs in one set of the local mixed sample. The legends indicate the median value of each distribution. The value for the local mixed sample in the legend is the average median value of the 10 sets. Detailed discussions are in the text.
tems have a much lower SFR and sSFR than the entire selected progenitor sample (by design), and are slightly more compact, more concentrated, and more massive. Nevertheless, the evolution in our selections from z ∼ 2 to z ∼ 0 remains statistically evident.
In all, we demonstrate that BCG evolution based on our selection of high-z progenitors and the local descendants must intrinsically be true. The uncertainties introduced by the contaminant non-BCG progenitors and local non-BCGs have relatively little effect, and cannot account for the evident evolution since z ∼ 2. Even considering the low-sSFR subsample of high-z selected progenitors, the evolution we find for BCGs remains. Since there is no good way to separate true BCG progenitors from our high-z non-BCG progenitors in observations, the main results in the following sections are based on the entire 38 selected progenitors and the 10 sets of local mixed samples.
BCG EVOLUTION SINCE Z ∼ 2
In order to explore BCG evolution since z ∼ 2, we have selected 38 progenitors at 1 z 3 from the CANDELS UDS and created 10 sets of their local counterparts from SDSS DR7 as explained in detail in Section 3. We have demonstrated in Section 3.3 that the evolution between these two samples can represent the BCG evolution from z ∼ 2 to z ∼ 0. In this section using Fig. 6 and Fig. 7 , we describe in detail the evolution of BCG structure (Sérsic index and effective radius), morphology (visual morphology and RFF ), stellar mass and SFR/sSFR. Fig. 6 presents the distributions of galaxy properties. Specifically, our main results of BCG evolution is shown by the blue solid lines with shadow (i.e., selected progenitors) and the colour dotted lines (i.e., local descendants). Fig. 7 explicitly illustrates how the BCG properties vary as a function of redshift. In Fig. 7 , the cyan diamond shows the mean value of each property, at our two different redshifts, by averaging the median value of the 10 sets constructed from the local samples (see Section 3). The error bars are the 84 and 16 percentiles (∼ 1σ) of each property distribution which are from averaging the error bars of 10 sets from the local samples. The median redshift of our local descendants is 0.074. The blue triangle presents the median property value of our selected high-z progenitors. The error bars are also the 84 and 16 percentiles of each property distribution. Our 38 selected progenitors distribute around z = 2.06. In the following, we call our selected high-z systems the BCG progenitors, and call their local counterparts BCGs, for simplicity. Fig. 6 ), also averaged for the 10 sets local mixed samples. The blue triangle in each panel presents the median value of each property for our 38 high-z progenitors. Note that the green triangles with dashed error bars in the panel of SFR and sSFR show the median value with taking into account the difference between true BCG progenitors and our selected sample from the simulation. Clear evolution between z ∼ 2 and z ∼ 0 is observed for all the BCG properties presented (i.e., shape, size, morphology, stellar mass and SFR/sSFR). Note that the error bars represent the width of the distributions, and not the error in the median values, which are given in the text.
Structure Evolution
Since the photometric images from the CANDELS survey are at high resolution, we can examine the structures of the galaxies in our sample by fitting their light profiles. We use the pipeline of GALAPAGOS and GALFIT to fit each galaxy's profile with a single-Sérsic model. The sky value in the CANDELS imaging is determined by GALAPAGOS, and for the simulated BCG images the sky is fixed as the sky value obtained from the CANDELS sky patch used in the simulation. We analyse the behaviour of the two structural parameters derived from the best-fitting single-Sérsic model. They are the Sérsic index n, and the effective radius Re, which provides information on the intrinsic structural properties of these galaxies.
Sérsic index n
The Sérsic index n measures the concentration of the light profile, with larger n values corresponding to higher concentrations. The first panel in the upper row of Fig. 6 clearly shows that the high-z BCG progenitors have, statistically, much smaller values of n than their local descendants. About 55% of BCG progenitors have n smaller than 2.5, which we define as late-type galaxies. In contrast, less than 20% of the local BCGs have n < 2.5. A K-S test indicates that the difference in the Sérsic index n is significant at the 4.2σ level. The first panel in the upper row of Fig. 7 shows that the median n of BCG progenitors is 2.32
+0.44
−0.34 , while the median n of their local descendants is 4.45 +0.15 −0.11 . In previous work, Buitrago et al. (2013) also find an enormous change for galaxy structures with cosmic time. They find that at z ∼ 2, ∼ 70% of the massive galaxy population have late-type Sérsic profiles (n < 2.5), while early-type galaxies (n > 2.5) have been the predominant morphological class for massive galaxies since only z ∼ 1. Our result suggests that the shape evolution is also true for the most massive galaxy population, the BCGs.
Effective radius Re
The effective radius Re is a measurement of the size of the light distribution. The second panel in the upper row of Fig. 6 shows the distribution of logRe for the high-z BCG progenitors (blue solid lines with shadow), and their local descendants (dotted colour lines). It is clear that the BCG progenitors at z ∼ 2 are much more compact than their descendants at z ∼ 0. Almost all the high-z progenitors (> 90%) have radii smaller than Re∼ 6.3 kpc, while there are ∼ 80% of local BCGs whose radii are larger than this value. The difference in logRe distribution is very significant, based on a K-S test. The second panel in the upper row of Fig. 7 shows that the median radius of local BCGs is 11.5 kpc (i.e., logRe= 1.06 +0.03 −0.02 ), which is a factor of ∼ 3.2 larger than the size of the high-z BCG progenitors (logRe= 0.56 +0.03 −0.07 ). This is also similar to what is found when just selecting massive galaxies at high and low redshifts (Buitrago et al. 2013) . Laporte et al. (2013) investigated the size growth of BCGs by using a suite of nine high-resolution dark matteronly simulations of galaxy clusters in a ΛCDM universe tracing a z = 2 population of quiescent elliptical galaxies to z = 0. They found that BCGs grow on average in size by a factor of 5 − 10. This is much faster than the size growth we find from observational data, such that BCGs grow in size only by a factor of 3.2 since z ∼ 2. Laporte et al. (2013) set the sizes of their high-z galaxies according to the observed size-mass relation for z ∼ 2 massive quiescent galaxies which have a steeper size-mass relation and experience faster size evolution (e.g., Trujillo et al. 2007; Buitrago et al. 2008; . In contrast, a large fraction of the BCG progenitors in our study are Sérsic defined late-type galaxies (median n = 2.32, see Section 4.1.1) which have slower size evolution (e.g., Buitrago et al. 2008; Bruce et al. 2012; . Therefore, it is not surprise that the size growth in Laporte et al. (2013) is larger than our results. Since Buitrago et al. (2013) demonstrate in observations that the late-type galaxies (n < 2.5) dominate the massive galaxy population at z > 1 (see also Bruce et al. 2012) , simulations need further improvement on exploring the size evolution of massive galaxies.
Morphological Evolution
The single-Sérsic model is a generally reasonably good description of the local BCG light profiles since the majority of them are early-type galaxies. However, the high-z BCG progenitors may be more complicated, with distorted features, or star forming regions and spiral arms, due to an intense early evolutionary phase. Therefore, inspection of the residuals that remain after subtracting the best-fit Sérsic model is valuable for understanding whether a galaxy has a symmetric profile, or is in merger/star forming state.
We first carry out a visual inspection of the residual images which can generally give a good feel of whether the profiles of BCG progenitors and their local descendants are smooth or distorted. Then we demonstrate the quantitative differences by using the objective diagnostic of RFF. Fig. 8 shows the single-Sérsic fits for all the 38 BCG progenitors selected by our method. Each row presents three BCG progenitors, each of which shows in the left panel the original image from the CANDELS UDS, the middle panel is the best-fitted single-Sérsic model, and the right panel is the residual image. The first galaxy from right in the third row from bottom is excluded from our discussion since it has a bad original image.
Visual Inspect of Residual Images
Inspecting the residual images, about 5 of these systems have strong asymmetric/distorted profiles, or stretched structures, suggesting mergers are ongoing. Another 7 progenitors show a close nearby object which implies that they might be undergo early stages of a merger. The remaining 25 progenitors have regular profiles, 6 of which show clear symmetric disc or spiral arms, while the others (19) can be well fit by a single-Sérsic model. The single-Sérsic fitting results in Fig. 8 indicate that more than half of the BCG progenitors seem to be in a quiescent evolutionary state which may already evolve as elliptical galaxies. Nonetheless, there is still a large fraction of progenitors (∼ 32%) which are undergoing, or will undergo, more intense interactions at z 2 with the responsible mechanism is most likely merging. Fig. 9 shows the single-Sérsic fits of 39 local descendants which are randomly selected from one set of our local mixed sample. As in Fig. 8 , each row shows three local descendants. The left panel is the original simulated image obtained from shifting the local BCG to z = 2 by running the FERENGI code. The middle panel is the best-fitted single-Sérsic model, and the right panel is the residual image. It is clear that all the local BCGs have smooth and symmetric profiles, most of which can be well represented by a single-Sérsic model. None of these galaxies have an asymmetric or distorted morphology which can be found in the progenitor sample. This indicates that local BCGs are already well evolved into elliptical BCGs or cD galaxies (see also Zhao et al. 2015a ).
Residual Flux Fraction (RFF)
Visual inspection of the residual images shows evident differences in light profile shapes between high-z BCG progenitors and local BCGs, such that the high-z ones are interacting while the nearby ones already possess smooth profiles. In this section, we demonstrate this difference quantitatively through the RFF values whose calculation is in Section 2.6.2.
The RFF distributions, measured on the residual images of both the high-z progenitors and the 10 sets of local descendants, are shown in the third panel in the upper row of Fig. 6 . Local BCGs, whose residual images are visually clean with little obvious residuals, have a smaller RFF such that about ∼ 75% of them have RF F 0.03. In contrast, RFF of the BCG progenitors distributes towards larger values, indicating that a fraction of them deviate further from the single-Sérsic model. This is consistent with their light profiles. A K-S test shows a significant difference between these two RFF distributions at the level of 4.9σ.
The difference of RFF between local BCGs and their progenitors is also shown in the third panel in the upper row of Fig. 7 , with the median RFF for BCGs at z ∼ 0 being 0.025 
Stellar Mass Evolution
In this section, we probe BCG mass growth since z ∼ 2. Since star formation is one potential mechanism for the increase of BCG stellar masses, we also compare SFR and sSFR of BCG progenitors at z ∼ 2 and their descendants at z ∼ 0 to determine how star formation contributes to BCG mass growth. Figure 8 . Single-Sérsic fits of the 38 BCG progenitors selected by our method from the CANDELS UDS. Each row presents three BCG progenitors, for each of which the left panel is the original image within the CANDELS UDS, the middle panel is the best-fit model, and the right panel is the residual image. The scale of each image is 5.2" × 5.0". The first galaxy from right in the third row from bottom has very bad original image which results in unreliable fitting result. We do not take it into account in our discussions. Inspecting the residual images, 68% of the BCG progenitors have regular light profiles, the majority of which can be fitted by a single-Sérsic model. In contrast, the remaining 32% of the progenitors are asymmetric, distorted, or have a close nearby companion. These imply that at z ∼ 2 many BCG progenitors are undergoing or will undergo interactions and mergers. Figure 9 . Single-Sérsic fits of 39 local descendants which are simulated to z = 2. They are randomly selected from one set of the local mixed BCG sample. As in Fig. 8 , each row presents three local descendants. The left panel is the original simulated image obtained from shifting the local SDSS BCG to z = 2 by running the FERENGI code. The middle panel is the best-fit model, and the right panel is the residual image. The scale of each image is 7.1" × 7.3", corresponding to 59 × 61 kpc 2 at z = 2. It is clear that the local descendants have smooth and symmetric profiles, most of which can be well represented by a single-Sérsic model.
Stellar Mass Growth
The fourth panel in the upper row of Fig. 7 illustrates the average stellar mass difference of high-z BCG progenitors and their z ∼ 0 descendants. BCG stellar mass has grown by a factor of ∼ 2.5 since z ∼ 2 from log M * = 10.91 +0.05 −0.06 to log M * = 11.29 +0.01 −0.02 . The fourth panel in the upper row of Fig. 6 shows that at z ∼ 2 about 80% of BCG progenitors have stellar masses smaller than 10 11 M⊙, while in local universe ∼ 90% of descendants have grown into massive galaxies with masses larger than 10 11 M⊙. The mass distributions of high-z progenitors and local BCGs have significant differences at the 6.4σ level as demonstrated by a K-S test.
Note that the stellar masses we use for the local sample are the MPA-JHU masses which are derived from the SDSS Petrosian magnitude. Studies, such as Bernardi et al. (2013 ) and D'Souza et al. (2015 , show that the SDSS Petrosian mass could underestimate the actual stellar mass especially for massive galaxies. Based on the best-fit models of our single-Sérsic fits which are possibly more appropriate to represent the light profiles of massive galaxies, we derive the stellar masses for our local descendants by using their best-fit Sérsic magnitudes. We find that the Petrosian stellar mass is statistically smaller than the Sérsic stellar mass by a factor of 0.3 dex. Therefore, by using the Sérsic stellar mass, the BCG mass growth between z ∼ 2 and z ∼ 0 is larger by 0.3 dex.
The evolution of BCG stellar mass predicted in simulations can be examined by comparing the stellar masses of our selected 3780 true BCG progenitors at z = 2 with the mass of their BCG descendants at z = 0. We find that the z = 0 BCG stellar mass is about 5 times larger than their z = 2 progenitors. There is more BCG growth in simulations than in the observational results. This offset between simulation and observation may be due to the higher galaxy stellar mass predicted in De Lucia & Blaizot (2007) at low redshifts which is discussed in more detail in Lin et al. (2013) . Laporte et al. (2013) also predicts BCG evolution in simulations, but by adopting the dark matter-only simulations of galaxy clusters. They claim that the stellar mass of BCGs increase by a factor of 2 − 3 since z ∼ 2, which is consistent with our results.
SFR and sSFR
The left panel in the lower row of Fig. 6 presents two clearly distinct distributions of SFR for BCG progenitors and local descendants. Almost all the BCG progenitors are forming more than 1 M⊙ yr −1 through star formation. The same panel in Fig. 7 indicates that their median SFR is 13.5 Fig. 6 ), we plot only one set of the local sample in Fig. 10 to keep the figure clear. In each panel, the green solid line is the relation found in Daddi et al. (2007) for star-forming galaxies at z = 2, and the brown dashed line is the M * -SFR relation from Bauer et al. (2011) for star-forming galaxies at 2.0 < z < 2.5. It is evident that the BCG progenitors have lower SFR/sSFR values than the general star-forming galaxies, but still distribute in a relatively higher SFR/sSFR region differentiating from the majority of their local quiescent descendants. This implies that the BCG progenitors at z ∼ 2 already passed through their most active star-forming phase, and have begun a quiescent phase. Nevertheless their lessintense star formation still keeps them in a relatively higher SFR/sSFR. In the local universe, however, their descendants have already long been quenched. Moreover, the morphologies of BCG progenitors (see Section 4.2.1) have no strong correlation with their SFRs or stellar masses.
DISCUSSION

Mechanisms driving BCG mass growth
The processes that increase the stellar masses and sizes of massive galaxies are still an open question. There are two primary mechanisms: star formation and merging. Mergers are important since massive galaxies very likely form through the merging together of smaller galaxies in the hierarchical picture of galaxy formation. Star formation is also essential for massive galaxies in building up stellar mass, particularly at high redshifts where massive galaxies experience a much higher SFR than in the local universe (e.g., van Dokkum et al. 2004; Papovich et al. 2006; Ownsworth et al. 2012) . In this section, we will discuss the contribution of these two processes to the evolution of BCGs and their importance at different epochs.
Our study shows that BCG progenitors at z ∼ 2 have a relatively high SFR, and a large fraction of them have either close companions or an asymmetric and distorted morphology. These results suggest that both star formation and (major) mergers may be key mechanisms in BCG evolution at z ∼ 2. Here we carry out a simple estimate to determine how much these two mechanisms contribute to the BCG mass growth at high redshift. Note that the in-situ stellar mass of BCG progenitors at z ∼ 2 already accounts for ∼ 40% of the total mass of BCGs at z ∼ 0.
With the assumption that the SFR of our BCG progenitors is constant over z = 1 − 2, and taking into account the 0.4 dex uncertainty in SFR from contaminants, the mass increase during this period via star formation is 0.07 − 0.18M * ,z=0 where M * ,z=0 is the stellar mass of BCGs at z ∼ 0. On the other hand, we estimate the possible BCG mass growth through mergers by employing the major merger rate for massive galaxies at high redshifts. Conselice et al. (2008) use the CAS parameters (structural concentration, asymmetry and clumpiness) to estimate major merger rates for galaxies at 1 < z < 3. Since the median redshift of our BCG progenitors is z ∼ 2 and 80% of them have stellar mass less than 10 11 M⊙, we use their major merger rate for galaxies with stellar masses > 10 10 M⊙ at z = 2. Assuming the major merger rate is constant over z = 1−2, we find that BCG mass growth is about 0.12M * ,z=0 through major mergers. A similar mass increase is found by employing the major merger rate of Hopkins et al. (2010) , such that for z = 2 massive galaxies (M * > 10 10 M⊙) 0.09M * ,z=0 is built up through merging with other objects whose mass ratios are > 1/3. The star formation and major mergers thus seem to contribute equally to BCG mass build-up at high redshifts.
Our results show that the local BCGs are quite quiescent, where the mass added via star formation is only 0.2M⊙ per year on average. Since the SFR of massive galaxies decreases quickly with cosmic time (e.g., Daddi et al. 2007; van Dokkum et al. 2010; Ownsworth et al. 2012; Ownsworth et al. 2014) , the contribution from star formation to BCG mass growth since z ∼ 1 should be very small. By using state-of-the-art, cosmological, semi-empirical models, Buchan & Shankar (2016) show that star formation cannot explain the full evolution of massive galaxies, and massive galaxies could have indeed assembled most of their final masses via late mergers. Observationally, by studying the number of mergers onto BCGs, as well as the mass ratio of infalling companions, Burke & Collins (2013) find that both major and minor mergers are common at z ∼ 1, and cause a significant BCG mass growth. At much lower redshifts, some observational studies conclude that minor mergers dominate mass growth, and the rarity of major mergers (e.g., Liu et al. 2009; Edwards & Patton 2012) . Others point out that some BCGs continue to grow through major mergers at z ∼ 0. Nevertheless, merger (either major or minor) is the dominant process at z 1.
Links with BCG evolution at z < 1
In this work, we extend the observational study of BCG structural evolution and mass growth to z ∼ 2.
In observations, BCG size evolution has been explored at z < 1. By tracing host halo masses to link BCG progenitors and descendants, Shankar et al. (2015) suggest a noticeable increase in BCG mean effective radius by a factor of 2.5 since z ∼ 1. By comparing local WINGS BCGs with high-z HST BCGs whose host clusters span the same range of X-ray luminosity, Ascaso et al. (2011) claim a BCG size growth of a factor of ∼ 2 within the last 6 Gyr (since z ∼ 0.6). These results indicate that about 60% of the size growth of local BCGs has occurred at z 1. Considering the size increase in our study (by a factor of 3.2 from z ∼ 2 ), it seems that BCG size increases only moderately during z = 1 − 2.
Galaxy shape also reveals important information on galaxy evolution. We find that the Sérsic index n of BCGs has a clear evolution, such that BCG progenitors are consistent with Sérsic late-type galaxies at z ∼ 2, which evolve into local BCGs as early-type galaxies. Moreover, the morphology of our BCG progenitors indicates that a fraction of them are undergoing morphological transformations at z ∼ 2 through merging, or will undergo mergers at z < 2. However, at z < 1, Ascaso et al. (2011) find that the shape of BCGs has not changed significantly after z ∼ 0.6. Since the single Sérsic model mainly represents the shape of the central bulge, it probably implies that the morphological transformation of BCG bulges is still going on at z ∼ 2, and is complete before z ∼ 0.6, during which mergers may play an important role. After that the size and mass growth is focused on the outer regions of BCGs. More observational studies on the shape evolution of BCGs are needed during z = 0 − 1 to determine if this scenario is likely.
Moreover, many studies explore the build-up of BCG stellar mass at z 1 − 1.5 in observations. Some of them claim that there is little change in BCG mass since z ∼ 1 (Burke et al. 2000; Whiley et al. 2008; Collins et al. 2009 ). In contrast, other papers (e.g., Lidman et al. 2012; Lin et al. 2013; Shankar et al. 2015; Zhang et al. 2016 ) find a generally consistent BCG mass growth by a factor of ∼ 2 over z = 0 − 1. In Section 5.1, we did a simple estimation of BCG mass growth from z ∼ 2 to z ∼ 1, reporting that, in this period, at most 18% of the total mass of local BCGs will be added through star formation, and ∼ 12% via major mergers. Since SFR and major merger rate decrease with cosmic time (e.g., Bridge et al. 2010; Bluck et al. 2012; Ownsworth et al. 2014) , this mass growth is more likely an upper limit. Considering the stellar mass BCG progenitors already have at z ∼ 2 (∼ 40% of the total mass of local BCGs), our estimate shows that by z ∼ 1 the BCG stellar mass will be no more than 70% of the total mass at z = 0, suggesting that there has to be an additional mass buildup in BCGs after z ∼ 1. The BCG mass will increase by a factor of no less than ∼ 1.4 from z ∼ 1 to z ∼ 0.
Although we discuss the BCG evolution by combining our work over z = 0 ∼ 2 with other studies at z 1, it is dangerous to do so since the BCG progenitor selections we use are different. Homogeneous BCG data over large range of redshift from future observations is necessary for better understanding the BCG evolution since high redshifts.
Comparison with massive galaxy evolution
Many studies have examined the properties of massive galaxies at high redshifts, broadening our understanding of massive galaxy evolution over a large redshift range. Here we compare our results on BCGs with the evolution of massive galaxies over z = 0 − 2. Since constant number density is applied in our study, the comparison is carried out with papers which also use constant number density to trace massive galaxies at different redshifts.
van Dokkum et al. (2010) study the growth of massive galaxies from z = 2 using a fixed number density selection of 2 × 10 −4 Mpc −3 . They find that at this number density the stellar mass of galaxies has increased by a factor of ∼ 2, and size has grown by a factor of ∼ 4 since z = 2. They verify that their results are not sensitive to the exact number density by repeating key parts of the analysis for a number density of 1 × 10 −4 Mpc −3 . Ownsworth et al. (2014) study the growth of massive galaxies from z = 3 by adopting a fixed number density of ∼ 10 −4 Mpc −3 , similar to the one used in this paper. Their results show that the stellar mass of galaxies at z ∼ 0.3 is ∼ 2.5 times larger than their progenitors at z ∼ 2, and the size of massive galaxies increases by a factor of ∼ 2.3 by comparing the average galaxy size within the redshift bin 0.3 < z < 0.5 with the bin at 2.0 < z < 2.5. Compared with BCG stellar mass growth (a factor of ∼ 2.5) and size growth (by a factor of ∼ 3.2), the evolution of massive galaxies appears similar to the BCG evolution from z ∼ 2.
Specifically, at high redshift, we examine whether our selected BCG progenitors have different properties from normal massive galaxies which are in the same redshift and stellar mass range. The normal massive galaxies are selected from the CANDELS UDS catalogue whose redshifts and stellar masses have a similar distribution as our 38 selected BCG progenitors. We find that our BCG progenitors are very similar to the normal massive galaxies in many properties such as structure, morphology, and SFR/sSFR. This implies that the BCG progenitors do not show any specific differences with other massive galaxies at z ∼ 2. Since local BCGs are different from the control samples of local non-BCGs which match in stellar mass, redshift and colour (see L07), BCG progenitors must experience some specific mechanism(s) at z 2 (probably more minor mergers) which results in the specific properties of BCGs at z ∼ 0. These mechanisms are likely responsible for the characteristic cD envelope observed in many local BCGs (Zhao et al. 2015a,b) .
SUMMARY
In this paper, we carry out a study of BCG evolution beyond z = 1 to explore how structure, morphology and stellar mass of BCGs vary with cosmic time since z ∼ 2.
By proposing a BCG progenitor selection which identifies BCG progenitors as the most massive galaxies in the densest local environments, we select our BCG progenitor sample at z ∼ 2 from the CANDELS UDS data. Testing our method in simulations we find that 45% of our selected progenitors are true BCG progenitors. Although the high-z progenitors selected by our method are a mixed sample of BCG and non-BCG progenitors, the properties of our highz progenitors can be used to trace BCG evolution because they are similar to the properties of the pure BCG progenitors within the sample. We use a constant number density of 10 −4.06 h 3 Mpc −3 to select our samples. At this density the descendants of the high-z selected sample are taken from the SDSS DR7 galaxy catalogue. To ensure the galaxy sample at z ∼ 0 are the descendants of our selected progenitors, based on simulations, we construct a local mixed sample which contains 38% BCGs and 62% non-BCGs. We demonstrate through several methods that the contamination from non-BCGs and non-BCG progenitors do not erase the intrinsic BCG evolution. Comparing properties between our high-z BCG progenitors and their local descendants, we find a clear BCG evolution since z ∼ 2 in structure, morphology and stellar mass. Our major results on BCG evolution at z 3 are:
• At z ∼ 2, less than 50% of the most massive galaxies in the densest environments are the true BCG progenitors.
• Although the environmental density is not a strong tracer, the method we propose to identify BCG progenitors at z ∼ 2 can be applied to observational data to derive BCG evolution since they have similar properties to the pure BCG progenitors.
• The size of BCGs has grown by a factor of ∼ 3.2 since z ∼ 2. The BCG progenitor profiles are mainly Sérsic latetype galaxies with median Sérsic index of n = 2.3, while their local BCG descendants are early-type galaxies whose median Sérsic index is n = 4.5.
• The residual images after subtracting single Sérsic fits illustrate that BCG progenitors at z ∼ 2 are more distorted, whereas the local BCGs have smoother profiles. This difference in morphology is verified quantitatively by RFF measures, such that BCG progenitors have larger RFF values than their local counterparts. About 32% of BCG progenitors at z ∼ 2 are undergoing mergers, or will undergo mergers at z < 2.
• The stellar mass of BCGs has grown by a factor of ∼ 2.5 since z ∼ 2. The average SFR of BCG progenitors at z ∼ 2 is still relatively high, at 13.5 M⊙ yr −1 . In contrast, their local descendants are very quiescent, with an average SFR of only 0.2 M⊙ yr −1 . We find that over the z = 1 − 2 period, star formation and merging contribute approximately equally to BCG mass growth. However, since the SFR decreases with time, merging must play a more important role in BCG assembly at z 1.
• We find that BCG progenitors at high-z are not significantly different than other galaxies of similar mass at the same redshift range. This suggests that the processes which differentiate BCGs from normal massive elliptical galaxies must occur at z 2.
